The role of glucose 6-P (glucose 6-phosphate) in regulating the activation state of glycogen synthase and its translocation is well documented. In the present study, we investigated the effects of glucose 6-P on the activation state and compartmentation of phosphorylase in hepatocytes. Glucose 6-P levels were modulated in hepatocytes by glucokinase overexpression or inhibition with 5-thioglucose and the effects of AMP were tested using AICAR (5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside), which is metabolized to an AMP analogue. Inhibition of glucokinase partially counteracted the effect of glucose both on the inactivation of phosphorylase and on the translocation of phosphorylase a from a soluble to a particulate fraction. The increase in glucose 6-P caused by glucokinase overexpression caused translocation of phosphorylase a to the pellet and had additive effects with glucose on inactivation of phosphorylase. It decreased the glucose concentration that caused half-maximal inactivation from 20 to 11 mM, indicating that it acts synergistically with glucose. AICAR activated phosphorylase and counteracted the effect of glucose 6-P on phosphorylase inactivation. However, it did not counteract translocation of phosphorylase by glucose 6-P. Glucose 6-P and AICAR had opposite effects on the activation state of glycogen synthase, but they had additive effects on translocation of the enzyme to the pellet. There was a direct correlation between the translocation of phosphorylase a and of glycogen synthase to the pellet, suggesting that these enzymes translocate in tandem. In conclusion, glucose 6-P causes both translocation of phosphorylase and inactivation, indicating a more complex role in the regulation of glycogen metabolism than can be explained from regulation of glycogen synthase alone.
INTRODUCTION
Hepatic glycogen metabolism is regulated by allosteric control of glycogen synthase and phosphorylase and by changes in the phosphorylation state of these proteins [1] . Glycogen synthase is inactivated by multi-site phosphorylation, whereas phosphorylase is activated by phosphorylation of a single serine residue close to the N-terminus. The phosphorylated and unphosphorylated forms of phosphorylase are designated a and b respectively [1] . Glycogen synthase is also regulated by changes in subcellular compartmentation [2] . Glucose causes translocation of the enzyme from a soluble to a particulate fraction [3] and also from a diffuse location in the cytoplasm to the cell periphery [4, 5] . Changes in the subcellular compartmentation of phosphorylase have not been reported.
Glucose 6-P (glucose 6-phosphate) is the main metabolic intermediate involved in the regulation of glycogen synthase [6] . It is an allosteric activator of the enzyme and also determines its phosphorylation state by making the enzyme a better substrate for synthase phosphatase. In addition, glucose 6-P regulates the subcellular compartmentation of glycogen synthase by causing translocation from a soluble to a particulate fraction [7, 8] . Since the activation state of glycogen synthase correlates with the cellular content of glucose 6-P in hepatocytes [9, 10] , glycogen synthase is often described as the glucose 6-P sensor of the hepatocyte [6] .
Glucose, rather than glucose 6-P, is considered to be the main small molecule regulator of phosphorylase in liver, and phosphorylase is often regarded as the glucose sensor of hepatocytes [1] . Phosphorylase exists in either a relaxed (R) or a tense (T)
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conformation [11] . Glucose binds to phosphorylase a and promotes the T state, which is less active and also a better substrate for dephosphorylation by the phosphatase. Accordingly, glucose causes dephosphorylation of phosphorylase a in hepatocytes [12, 13] . AMP is an allosteric activator of phosphorylase and favours the R state [11] . It is a potent activator of the muscle isoform of phosphorylase b, but it stimulates the liver isoform [14] to a lesser extent. The activation of muscle phosphorylase b by AMP is competitively inhibited by glucose 6-P, which binds to the same site [15] . The liver isoform of phosphorylase b is virtually catalytically inactive under physiological conditions [16] and accordingly glucose 6-P has a negligible role as an allosteric inhibitor in liver. However, glucose 6-P mimics glucose in stimulating the dephosphorylation of phosphorylase a by the protein phosphatase in vitro [17] [18] [19] and it also inhibits phosphorylation of phosphorylase b by phosphorylase kinase by a substrate-directed mechanism [20, 21] . We have shown recently that glucose 6-P also has a physiological role in regulating the activation state of phosphorylase in hepatocytes [22] . Given the complexity of the mechanism(s) by which glucose 6-P regulates glycogen synthase [2] , the question is raised whether glucose 6-P also regulates phosphorylase by diverse mechanisms. The present study had three aims: (i) to determine the extent by which glucose 6-P is involved in the glucose-induced inactivation of phosphorylase; (ii) to determine whether the regulation of the activation state of phosphorylase by glucose 6-P is competitive with respect to AMP; and (iii) to explore whether glucose 6-P regulates the subcellular compartmentation of phosphorylase and if so whether this might share a similar mechanism as for glycogen synthase. [24] was synthesized by Dr G. Bloomberg (University of Bristol, U.K.). Sources of other reagents were as described previously [22] .
MATERIALS AND METHODS

Materials
Hepatocyte isolation and treatment
Hepatocytes were isolated by collagenase perfusion of the liver from ad lib.-fed male Wistar rats obtained from Bantin and Kingman (Hull, U.K.). The hepatocytes were suspended in minimum essential medium containing 7 % (v/v) newborn calf serum and plated in multi-well dishes [25] . Cell attachment was allowed for 4 h, except in experiments involving glucokinase overexpression using recombinant adenovirus [22] , where the medium was changed 2 h after plating with serum-free medium containing adenovirus. The medium was replaced 4 h after plating with serum-free minimum essential medium containing 5 mM glucose and 10 nM dexamethasone, and the cells were cultured for 16 h [25] . Incubations for determining the effects of substrates or other additions were performed after 16 h culture.
Enzyme assays
For the determination of phosphorylase a and glycogen synthase, incubations were terminated by snap-freezing in liquid nitrogen. For the determination of phosphorylase a, cells were extracted in 25 mM Hepes, 150 mM potassium fluoride, 0.5 mM EDTA, 1 mM PMSF and 1 mM benzamidine (pH 7.5), and for glycogen synthase they were extracted in 10 mM Tris, 150 mM potassium fluoride, 15 mM EDTA, 600 mM sucrose, 50 mM 2-mercaptoethanol, 1 mM PMSF, 1 mM benzamidine and 3.5 µg/ml leupeptin (pH 7.5) [26] . The cells were scraped in extraction buffer at a protein concentration of approx. 1 mg/ml and the extracts were sonicated. Assays were performed either on the whole homogenate or on the supernatant and pellet fractions after centrifuging at 13 000 g (10 min, 4
• C). Activities were expressed as m-units/mg of protein in the whole homogenate. Unless otherwise indicated, phosphorylase a was assayed spectrometrically in the whole homogenate and the supernatant fractions in the glycogenolytic direction by the phosphoglucomutase/glucose 6-P dehydrogenase-coupled assay [27] . This assay underestimates activity in the pellet and to a lesser extent in the homogenate relative to the supernatant because of interference from NADPH oxidase and/or degradation of glucose 6-P by glucose 6-phosphatase. The distribution of phosphorylase a between the supernatant and particulate fraction was determined radiochemically from the incorporation of [U- 14 C]glucose 1-P into glycogen in the presence of 1 mM caffeine [28] . The concentration of glucose that causes half-maximal effect (S 0.5 ) on inactivation of phosphorylase in the homogenate or supernatant by the spectrometric assay was determined from Hill plots using the Fig. P . Biosoft program. Glycogen synthase (active and total) was assayed radiochemically from the incorporation of UDP- [1- 3 H]-glucose into glycogen in the absence or presence of 6.7 mM glucose 6-P respectively [29] . The active form of the enzyme is expressed as the activity ratio (−/+ glucose 6-P), whereas the total glycogen synthase (+ glucose 6-P) is expressed as m-units/mg of cell protein: 1 m-unit is defined as the amount that converts 1 nmol/min at 30
• C. Glucokinase activity in untreated cells and cells treated with recombinant adenovirus encoding rat liver glucokinase (AdCMV-GK) was determined by the digitonin-release assay [30] . Glucokinase overexpression was 8-10-fold higher than endogenous activity.
For the determination of the activity of AMPK (AMP-activated protein kinase), cells were permeabilized with digitonin (0.2 mg/ml for 20 min) as described in [31] . The digitonin eluate was then sedimented with ammonium sulphate and the precipitate from the phosphorylation of SAMS peptide with [ 32 P]ATP was assayed as described in [31] . Activity is expressed as pmol · min −1 · (mg of protein) −1 .
Metabolite determination
For determination of glucose 6-P, the incubations were terminated by snap-freezing in liquid nitrogen. They were extracted in HClO 4 and glucose 6-P was assayed fluorimetrically [22] .
Immunoblotting
The distribution of phosphorylase and glycogen synthase between the supernatant and pellet fractions was determined by immunoblotting using a mouse monoclonal antibody to human phosphorylase b isoform (Clone 3G1) from Research Diagnostics or a rabbit antibody raised against the sequence I 690 PKGKKKL-HGEYKN 703 [5] of rat liver glycogen synthase (Sigma-GenoSys, Cambridge, U.K.). Cells were extracted as for the respective enzymic assays and protein was fractionated by SDS/PAGE and transferred to nitrocellulose. Membranes were probed with primary antibody (1:2000 dilution for phosphorylase and 1:500 for glycogen synthase) followed by incubation with peroxidaseconjugated antibodies against mouse or rabbit IgG (Jackson Immunoresearch Laboratories, West Grove, PA, U.S.A.). Immunoreactive bands were visualized using an ECL ® kit (Amersham Biosciences) and quantified by densitometry.
RESULTS
Relative effects of glucose and glucose 6-P on phosphorylase determined using a glucokinase inhibitor
To determine the extent to which glucose 6-P contributes to the inactivation of phosphorylase caused by high glucose concentration, we used 5-thioglucose, a potent competitive inhibitor of glucokinase [32] . 5-Thioglucose (3 mM) counteracted the increase in glucose 6-P caused by 10-35 mM glucose ( Figure 1A ). Glucose (20-35 mM) decreased the activity of phosphorylase a in the whole homogenate by 34-63 % relative to the activity at 5 mM glucose, and this effect of glucose was partially counteracted by 5-thioglucose, which lowered the inhibition to 24-38 % ( Figure 1B ). This indicates that 32-43 % of the inactivation of phosphorylase at high glucose concentration is due to glucose 6-P. In the same experiments, the activity of phosphorylase a in the high-speed supernatant was decreased by 26-65 % at 15-35 mM glucose and 5-thioglucose partially reversed this decrease (17-38 %; Figure 1C) . The concentration of glucose that caused S 0.5 in decreasing phosphorylase a activity was lower in the supernatant when compared with the homogenate and 5-thioglucose increased S 0.5 for glucose in the supernatant (Table 1) . Together these results suggest that glucose 6-P acts synergistically with glucose by increasing the affinity for glucose. The greater potency of glucose at decreasing phosphorylase a in the supernatant relative to the homogenate suggests a role for either glucose or glucose 6-P in causing translocation of enzyme from the supernatant to the pellet. To test this possibility, the activity of phosphorylase a was determined radiochemically in the supernatant and pellet fractions. At 25 mM glucose, there was an increase in the activity of phosphorylase a associated with the pellet both in absolute terms (3-fold; Figure 2A ) and when expressed as a percentage of total phosphorylase a activity in the supernatant and pellet (3.4-fold; Figure 2B ), relative to values at 5 mM glucose. 5-Thioglucose partially counteracted (75 %) this effect, indicating that glucose 6-P causes translocation of phosphorylase a from the supernatant to the pellet, in addition to an overall decrease in phosphorylase a in the whole homogenate. When the increase in activity of phosphorylase a caused by 25 mM glucose in the pellet was plotted against the respective decrease in phosphorylase a in the whole homogenate, there was an inverse correlation ( Figure 2C ). This suggests either that inactivation of phosphorylase in the whole homogenate is a sequential event to translocation of phosphorylase a from the supernatant to the pellet fraction or that glucose 6-P causes either translocation of phosphorylase a to the pellet or dephosphorylation in the supernatant.
Relative effects of glucose and glucose 6-P determined by glucokinase overexpression
To determine the effects of glucose on the activation state of phosphorylase at saturating concentrations of glucose 6-P, cells overexpressing glucokinase by 6-8-fold above endogenous levels by treatment with recombinant adenovirus were used. At 5 mM glucose, cells overexpressing glucokinase had an increased glucose 6-P content (4-fold), in agreement with previous findings [22, 33] and similar to the glucose 6-P content of untreated cells incubated with 25 mM glucose ( Figure 3A ). Glucokinase overexpression significantly decreased the activity of phosphorylase a in the whole homogenate at all glucose concentrations tested, indicating that glucose 6-P has an additive effect with glucose in causing inactivation of phosphorylase ( Figure 3B ). At 5-10 mM glucose, glucokinase overexpression caused a greater decrease in the activity of phosphorylase a in the supernatant (53-62 %) when compared in the homogenate (26-45 %), indicating that glucose 6-P causes translocation as well as inactivation. However, at higher glucose concentrations (20-35 mM), the decrease was similar in the homogenate (53-66 %) and supernatant (49-59 %), suggesting inactivation after translocation to the pellet ( Figures 3B  and 3C ) or preferential inactivation in the supernatant. Glucokinase overexpression decreased the concentration of glucose that caused half-maximal inactivation of phosphorylase from 20 to 11 mM in the whole homogenate and from 17 to 13 mM in the supernatant, indicating that glucose 6-P acts synergistically with glucose.
AICAR activates phosphorylase and counteracts inactivation by glucose 6-P
Since glucose 6-P binds to phosphorylase at the AMP-binding site [11] , we used an AMP analogue AICAR, which is metabolized by hepatocytes to 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranotide [34] , to test whether the effects of glucose 6-P can be explained by competition with AMP. Since AICAR also causes activation of AMPK, we compared the effects of AICAR with 0.5 mM cyanide, which also activates AMPK ( Figure 4A ) by depletion of ATP (results not shown). This concentration of cyanide, unlike AICAR, did not activate phosphorylase, despite causing a similar activation of AMPK. This indicates that the activation of phosphorylase by AICAR cannot be explained by activation of AMPK. When the combined effects of AICAR and glucokinase overexpression were tested at 10 mM glucose, AICAR counter- acted the effects of glucokinase overexpression on phosphorylase a activity in the homogenate but not in the supernatant, suggesting counteraction of inactivation but not translocation ( Figure 4B versus 4C).
AICAR (200-500 µM) increased the activity of phosphorylase a (P < 0.001) at all glucose concentrations tested ( Figure 5A ) and it also lowered (P < 0.05) the hepatocyte content of glucose 6-P by 50 % at glucose concentrations higher than 15 mM ( Figure 5B ) in agreement with previous findings by Vincent et al. [35] . The activation of phosphorylase by AICAR was more than the value obtained from the suppression of glucose 6-P ( Figure 5C ), consistent with the activation of phosphorylase by the AMP analogue, additional to the lowering of glucose 6-P.
AICAR and glucokinase overexpression have additive effects on translocation
The interactions between AICAR and glucose 6-P on translocation were tested using the radiochemical assay for phosphorylase a activity in the supernatant and pellet ( Figure 6 ) and by immuno- blotting for total phosphorylase protein ( Figure 7) . AICAR increased the activity of phosphorylase a by 2-fold in the homogenate and supernatant ( Figures 6A and 6B) and by 3-4-fold in the pellet ( Figure 6C ). Glucokinase overexpression increased the activity of phosphorylase a in the pellet ( Figure 6C ) despite an overall decrease in phosphorylase a in the whole homogenate ( Figure 6A ). AICAR and glucokinase overexpression had additive effects on the activity of phosphorylase a in the pellet ( Figure 6C ) and on the fractional distribution of phosphorylase a in the pellet ( Figure 6D ), despite having opposite effects on the activation state of phosphorylase a in the whole homogenate. To test whether the additive effects of AICAR and glucokinase overexpression on phosphorylase a activity in the pellet were due to a specific effect of the AMP analogue, cells overexpressing glucokinase were incubated with glucagon (100 nM), which, similar to AICAR, causes activation of phosphorylase in the homogenate. Glucagonlike AICAR had additive effects on phosphorylase a in the pellet (results not shown), suggesting that the additive effect of AICAR and glucokinase overexpression of phosphorylase a in the pellet is due to the increase in the activation state of phosphorylase in the supernatant or inhibition of dephosphorylation of phosphorylase a in the pellet, rather than a specific effect of the AMP analogue. These findings suggest that glucokinase overexpression causes translocation of phosphorylase a from the soluble to the particulate fraction and that AICAR has an additive effect on phosphorylase a activity in the pellet. To confirm that the increased activity of phosphorylase a in the pellet under these conditions is due to translocation of the protein from the soluble to the particulate fraction, in contrast with the selective activation of pre-existing phosphorylase b in the pellet, we determined the Figure 6D ) in the pellet fraction. a P < 0.05, glucokinase overexpression versus respective controls; b P < 0.05, bb P < 0.005, AICAR relative to respective control. distribution of total phosphorylase by immunoblotting using an antibody against the human brain isoform. We confirmed using recombinant human liver and brain phosphorylase isoforms and the rabbit muscle isoform that this antibody is not isoformspecific (A. Green, unpublished work). This antibody is not selective for either the phosphorylated or unphosphorylated forms of the enzyme, because pretreatment of cells with CP-91149 that causes dephosphorylation [36] , or with glucagon that causes phosphorylation, had no effect on immunoreactivity in the whole homogenate ( Figure 7A ). Overexpression of glucokinase and treatment with AICAR had additive effects on phosphorylase immunoreactivity in the pellet at both 10 and 25 mM glucose ( Figures 7B and 7C) , and similar trends were observed when the immunoreactivity in the pellet was expressed as a percentage of the value in the whole homogenate (control, 10 + − 6; AICAR, 20 + − 11; glucokinase overexpression, 21 + − 8; glucokinase overexpression + AICAR, 61 + − 10 %; means + − S.E.M., n = 4). This confirms that there is a net translocation of phosphorylase protein to the pellet that is greatest in cells overexpressing glucokinase and treated with AICAR.
Translocation of phosphorylase correlates with translocation of glycogen synthase
Glucose 6-P causes translocation of glycogen synthase from the supernatant to the particulate fraction of hepatocytes [7, 8] . However, the effects of AICAR or AMP on translocation of glycogen synthase have not been reported. To test whether glycogen synthase and phosphorylase translocate in parallel in response to glucokinase overexpression and AICAR, we determined the distribution of glycogen synthase (assayed in the presence of glucose 6-P) in the supernatant and pellet fractions as well as the activity ratio of the enzyme in the whole homogenate. Glycogen synthase was activated by glucokinase overexpression, as expected [33] , and inactivated by AICAR ( Figure 8A ). The latter can be explained by the suppression of glucose 6-P ( Figure 8B ) as shown by the correlation (Figure 8B, inset) . The relative distribution of glycogen synthase in the pellet ( Figure 8C ) showed similar trends as with phosphorylase a activity (Figure 6 ), and immunoreactive protein (Figure 7 ) and was increased in the pellet additively by glucokinase overexpression and AICAR. Translocation of glycogen synthase was also confirmed by immunoblotting ( Figure 8C, inset) . There was a positive correlation between translocation of phosphorylase a and glycogen synthase to the pellet ( Figure 8D ). It is noteworthy that whereas glucokinase overexpression stimulates glycogen synthesis [33] , AICAR inhibits glycogen synthesis [25 mM glucose, 92 + − 8; + 500 µM AICAR, 17 + − 2; nmol · (3 h) −1 · mg −1 , means + − S.E.M., n = 3], consistent with inactivation of glycogen synthase and activation of phosphorylase. Thus translocation of glycogen synthase does not correlate with glycogen synthesis.
DISCUSSION
The role of glucose 6-P in regulating the activation state of glycogen synthase [9, 10] and its subcellular compartmentation [7, 8, 37 ] is well established. The activation state of glycogen synthase in hepatocytes correlates with the cell content of glucose 6-P irrespective of whether this is derived from the glucose or from gluconeogenic precursors. This is explained by a conformational change in glycogen synthase on binding glucose 6-P, which makes the enzyme a better substrate for dephosphorylation by the synthase phosphatase [6] . In the present study, we confirmed a direct correlation between the activation state of glycogen synthase and the cell content of glucose 6-P in cells overexpressing glucokinase and incubated with or without AICAR, which lowers glucose 6-P [34] . Although the role of glucose in regulating the activation state of phosphorylase is well documented [12, 13] , the physiological role of glucose 6-P in regulating the activation state of phosphorylase in hepatocytes has only been reported recently [22] .
The aim of the present study was to determine the relative roles of glucose and glucose 6-P in regulating the activation state of phosphorylase and to investigate whether the actions of glucose 6-P can be explained by competition with AMP. Several lines of evidence from this study suggest that glucose 6-P has a dual role in regulating both the activation state of phosphorylase and its subcellular location analogous to its effects on glycogen synthase and that the action of glucose 6-P on the activation state of phosphorylase is synergistic with glucose. Thus inhibition of glucose phosphorylation counteracts by 40 % the decrease in phosphorylase a activity caused by glucose, whereas glucokinase overexpression has an additive effect with glucose. Moreover, glucose 6-P also markedly increases the affinity for glucose in causing inactivation of phosphorylase. The significance of these findings is that the sensitivity of phosphorylase inactivation to glucose is modulated by the cellular content of glucose 6-P to the extent that metabolic conditions that lower the cell content of glucose 6-P such as suppression of glucokinase activity or an increase in glucose 6-phosphatase activity would be expected to decrease the affinity for glucose. Thus the inability of hyperglycaemia to suppress hepatic glucose production in Type II diabetes could be explained by a low activity of glucokinase [38] and the improved suppression of hepatic glucose production by hyperglycaemia during a fructose infusion [39] could be explained by the increase in glucose 6-P, which results during the stimulation of glucokinase translocation [40] .
AMP and glucose 6-P bind to phosphorylase at the same site and favour the R and T conformation respectively [11] . The activation of phosphorylase by AICAR, which is metabolized to an AMP analogue (5-aminoimidazole-4-carboxamide 1-β-D-ribofuranotide), cannot be explained by activation of AMPK, since low concentrations of cyanide that activate AMPK did not mimic the effect of AICAR on phosphorylase. This agrees with previous findings that AMPK does not affect the activity of phosphorylase kinase [19] . Stimulation of glycogenolysis and activation of phosphorylase by AICAR have also been reported in skeletal and cardiac muscles [41, 42] . In muscle cells, unlike in hepatocytes, AICAR stimulates glucose transport and this accounts for the lack of inhibition of glycogen synthesis, despite activation of phosphorylase [43] . The inhibition of glycogen synthesis by AICAR in hepatocytes is explained at least in part by the lowering of glucose 6-P [35] , which causes inactivation of glycogen synthase. The counteraction by AICAR of the inactivation of phosphorylase by glucokinase overexpression is consistent with binding of glucose 6-P to the AMP site [11] . The lack of complete counteraction of the inactivation of phosphorylase by AICAR at 25 mM glucose suggests that AICAR is more effective at counteracting the effects of glucose 6-P than glucose.
We show in the present study that, whereas glucose causes a decrease in the activity of phosphorylase a in both the whole homogenate and the high-speed supernatant, it also causes an increase in phosphorylase a activity in the pellet. This effect of glucose is in part counteracted by 5-thioglucose, indicating that it is mediated by both glucose and glucose 6-P. The role of the latter metabolite in causing translocation was confirmed by glucokinase overexpression, which increased the activity of phosphorylase a in the pellet. Since dihydroxyacetone, which causes a large increase in glucose 6-P in hepatocytes, also increases the activity of phosphorylase a in the pellet [22] , this supports a role for glucose 6-P as distinct from glucokinase itself in causing translocation. We can rule out the possibility that the increase in phosphorylase a in the pellet results from the activation of phosphorylase b within this fraction (in the absence of translocation) because of the increase in phosphorylase protein associated with the pellet determined by immunoblotting with an antibody that is not selective for the phosphorylation state of phosphorylase. The additive effects of AICAR and glucokinase overexpression on phosphorylase a activity or immunoreactive protein in the pellet can be explained by the combined effects of glucose 6-P in causing translocation and the effect of the AMP analogue favouring phosphorylation of phosphorylase b in the supernatant or inhibiting dephosphorylation of phosphorylase a in the pellet fraction.
A tentative hypothesis based on the inverse correlation between glucose-induced translocation of phosphorylase a to the pellet and the net inactivation of phosphorylase a in the homogenate is that the rate of dephosphorylation of phosphorylase a in the pellet may be greater than that in the soluble fraction and that the increase in phosphorylase a in the pellet with glucose or glucokinase overexpression reflects a greater rate of translocation to the pellet relative to dephosphorylation within this fraction ( Figure 9) .
Previous work has shown that glucose induces translocation of glycogen synthase from a soluble to a particulate fraction [3, 7] and from a diffuse location in the cytoplasm to the cell periphery [4, 5] and that this effect is not mimicked by activation of the enzyme with a glycogen synthase kinase-3 inhibitor, indicating that activation of glycogen synthase is not sufficient to cause translocation [5] . A key finding from the present study was the correlation between translocation of phosphorylase a (determined either radiochemically or as immunoreactivity) and glycogen synthase from the soluble to the pellet fraction, in cells overexpressing glucokinase and incubated with or without AICAR. Since AICAR lowered glucose 6-P levels and caused inactivation of glycogen synthase, translocation of glycogen synthase cannot be explained by either the activation state of the enzyme, in agreement with previous findings [5] , or with the cell content of glucose 6-P alone (present study). This suggests that translocation of glycogen synthase is controlled co-ordinately with translocation of phosphorylase a, which in turn depends both on the cell content of glucose 6-P and on the activation state of phosphorylase.
In conclusion, glucose 6-P has a more complex role in regulating glycogen metabolism than can be accounted for from its effects on the activation state and translocation of glycogen synthase alone. Glucose 6-P acts co-ordinately with glucose in regulating both the translocation of phosphorylase a to the particulate fraction and the dephosphorylation of the enzyme. Glucose 6-P acts synergistically with glucose and decreases the concentration of glucose that causes half-maximal inactivation. Thus the hepatocyte content of glucose 6-P is a major determinant not only of the rate of the glycogen synthesis but also of the rate of glycogenolysis, despite the fact that glucose 6-P is not a physiological allosteric inhibitor of phosphorylase b in liver. The question could be raised as to the physiological significance of the co-ordinate translocation of glycogen synthase and phosphorylase a, which catalyse synthesis and degradation of glycogen respectively. Since phosphorylase a is a potent allosteric inhibitor of glycogen synthase phosphatase [1] , and the latter co-localizes with glycogen synthase through the glycogen targeting proteins [44] , co-ordinate translocation of phosphorylase a and glycogen synthase may be important for maximizing allosteric control of synthase phosphatase by phosphorylase a.
